NASA/CP-1999-209259

331 Aerospace Mechanisms Symposium

Compiled by
Edward A. Boesiger, Edward C. Litty, and Donald R. Sevilla

Proceedings of a symposium sponsored by the

Aerospace Mechanisms Symposium Committee and

Lockheed Martin Missiles and Space, hosted by

the Jet Propulsion Laboratory, California Institute of Technology and held at
the Pasadena Conference and Exhibition Center, Pasadena, California,

May 19-21, 1999

May 1999



:
[IL N




PREFACE

The Aerospace Mechanisms Symposium (AMS) provides a unique forum for
those active in the design, production and use of aerospace mechanisms. A
major focus is the reporting of problems and solutions associated with the
development and flight certification of new mechanisms. The National
Aeronautics and Space Administration and Lockheed Martin Missiles & Space
(LMMS) share the responsibility for organizing the AMS. Now in its 33rd year, the
AMS continues to be well attended, attracting participants from both the U.S. and
abroad.

The 33rd AMS, hosted by the Jet Propulsion Laboratory (JPL) in Pasadena,
California, was held May 19, 20 and 21, 1999. During these three days, 36
papers were presented. Topics included deployment mechanisms, bearings,
actuators, pointing and optical mechanisms, Shuttle mechanisms, release
mechanisms, and test equipment. Hardware displays durinfg the vendor fair gave
attendees an opportunity to meet with developers of current and future
mechanism components.

The high quality of this symposium is a result of the work of many people, and
their efforts are gratefully acknowledged. This extends to the voluntary members
of the symposium organizing committee representing the eight NASA field
centers, LMMS, and the European Space Agency. Appreciation is also extended
to the session chairs, the authors, and particularly the personnel at JPL
responsible for the symposium arrangements and the publication of these
proceedings. A sincere thank you also goes to the symposium executive
committee at LMMS who is responsible for the year-to-year management of the
AMS, including paper processing and preparation of the program.

The use of trade names of manufacturers in this publication does not constitute

an official endorsement of such products or manufacturers, either expressed or
implied, by the National Aeronautics and Space Administration.
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The XMM Deployment Mechanisms: S/ 7

Mirror Doors & Telescope Sun Shield

T. Nitschko', M. Falkner and J.-V. Zemann*

Abstract

This paper presents the development of the deployment & hold-down mechanisms of
the Telescope Sun Shield (TSS) and the Mirror & Optical Monitor Doors (MOD) for the
X-ray Multi Mirror (XMM) satellite. The XMM mission of the European Space Agency
(ESA) is dedicated to the study of the X-ray portion of the electromagnetic spectrum.
The scope of the paper includes the presentation of design and performance as well
as a discussion of the test results and lessons learned from this demanding
development.

Introduction & Background

The Telescope Sun Shield is part of the XMM Service Module and is mounted to its
lower platform (Figure 1). The TSS provides sun shadow and stray light protection for
the Mirror Assemblies, the Optical Monitor, the Star Trackers and the spacecraft
launcher interface ring. Due to the limited space within the launch vehicle payload
cover, it consists of two independent large structural parts, which are linked via two
Deployment Mechanisms (DEM) and stowed with two Hold-Down and Release
Mechanisms (HRM).

The Mirror and Optical Monitor Doors close the apertures of the 3 Mirror Assemblies
and the Optical Monitor Door (4 independent doors, see Figure 1). The MOD doors
provide gas-tight protection of the apertures against any pollution during integration,
testing, transportation and launch of the XMM spacecraft. Each door structure is linked
to its baffle via one Deployment Mechanism, and is stowed via one Hold-Down and
Release Mechanism.

In addition to the TSS and MOD mechanisms, the paraffin-actuated Venting and
Outgassing Door (VOD), mounted to the XMM Telescope Tube, also has already been
successfully delivered in early 1998 to the customer DSS (Friedrichshafen, Germany).
The satellite launch is planned for early 2000. Austrian Aerospace (AAE) was founded
in 1997 as a merger of the two former companies ORS (Osterreichische Raumfahrt-
und Systemtechnik GmbH) and SAE (Schrack Aerospace GmbH), and is the largest
aerospace company in Austria. AAE has been and is involved in nearly all European
space projects and has made significant contributions in the area of on-board
mechanics (mechanisms and structures), electronics (digital signal processing) and
mechanical & electrical ground support equipment.

" Austrian Aerospace Ges.m.b.H., Vienna, Austria



Figure 1. MOD’s (stowed, 3 large MAD and one small OMD) and TSS
(deployed) mounted to the XMM Service Module (photo: ESA)

Requirements & Design Drivers
The major design driving issues for the mechanisms have been:

Deployment Mechanism (DEM):

o Use of a redundant bearing concept (radial & axial) to avoid single point failures
e Use of self-lubricating journal bearings

o Use of spring actuators for deployment and end-stop

Hold-Down and Release Mechanism (HRM):

¢ Use of non-explosive separation nuts due to cleanliness restrictions, and to simplify
testing (first application on ESA spacecraft)

¢ Use of an adhesion-free separable interface



Further major aspects have been the extremely restricted mass budget (13.6 kg for 4
MOD doors, 37.3 kg for TSS, including all structures), demanding cleanliness /
outgassing requirements (<300 ppm particulate and <1E-7 g/cm® molecular
contamination) and high radiation doses (10E+8 rad total dose for external unshielded
equipment).

The main design drivers for the structural parts (panels) of TSS and MOD have been
the gas-tightness requirement for the MOD, realized with annular metallic membranes,
and the light-tightness requirement for the TSS realized with thin metal sheet profiles
and specially shaped edges. All structural parts were required to have an optically
black surface.

The same deployment mechanism (DEM) and hold-down mechanism (HRM) concept
were used for both MOD and TSS in order to increase the reliability and to minimize
development work. Using common mechanisms for the XMM Mirror Doors and the
XMM Sun Shield resulted in the following advantages:

s The proposal for the customer was based on this assumption and this decision led
to the most competitive and therefore selected design.

¢ One team was working for both MOD and TSS in the first phases (requirements
definition and baseline design) to transter common solutions for deployment and
hold-down mechanism. Afterwards, the mechanism development tests and
detailed design solutions were made within the MOD, which unloaded the TSS
development workload and left the required attention for the dynamically
demanding sun shield structure.

¢ Although the MOD consists of 4 doors (different in size and deployment angle),
only the worst case application (which was the large mirror assembly door MAD-3
opening for 189°) has been qualified; the other 3 doors were qualified by similarity
(only mass and center of mass measured, visually inspected), therefore reducing
the development duration significantly. However, all flight models have been
equally tested to (reduced) acceptance levels. The TSS was fully qualified and
acceptance tested because the large structure was the design driver.

s There was no mass drawback resulting from common mechanism designs
because the deployment and hold-down tasks were very similar for both MOD and
TSS.

The overall design driver can be defined insofar as utmost attention has been paid to
establish a highly reliable, simple and cost-effective design concept, to cope with the
mission critical nature and responsibility of these mechanisms.

Minimum Fundamental Resonance Frequency:
TSS: 15 Hz stowed, 0.5 Hz deployed

MOD: 50 Hz stowed, 0.5 Hz deployed



Sinusoidal Vibration Levels:

TSS: 5 Hz - 19.3 Hz + 10 mm
19.3 Hz - 50 Hz 15¢g

MOD: 5 Hz - 25 Hz + 10 mm
50 Hz - 100 Hz 259

Random Vibration Levels:

MOD: 20 Hz - 100 Hz + 6 dB/oct
100 Hz - 400 Hz 0.25 ¢g?/Hz
400 Hz - 2000 Hz - 6 dB/oct

Tightness Values:
MOD Gas Leak Rate: <50 I/h for Mirror Doors, <15 I/h for Monitor Door

TSS Light Tightness: transmission factor <10°®

Temperature Range:

During Deployment: -70°C to +70°C
After Deployment: -190°C to +150°C

Acoustic Environment:
Overall Sound Pressure Level: 146 dB (ref. 2E-5 N/m?)

Deployment Mechanism (DEM) Design & Performance

The main design goals forthe DEM are:

low mass

high reliability / simplicity

integrated design of actuator and hinge
provide supportfor the End Stop

avoid Single Point Failures

The DEM features ar;integrated design consisting of the following parts (see Figure 2
for TSS and Figure 3 for MOD):

Spring Actuator (redundant)
Hinge (redundant)

Limit Switches (redundant)
End Stop (redundant)

After release of the Hold-Down Mechanism (HRM), the actuator moves the structure to
the final position, which is maintained using the end stop as limit for the movementand
the actuator springs as latch. The end position is indicated by limit-switches. The use of
the actuator as latch forthe movable structure is justified due to the following reasons:



* The in-orbit accelerations of max.0.001 g combined with the movable structure mass
are not able to move the structure out of its final position.

¢ The in-orbit accelerations of max.0.001 g exert a force in the hinge, which is approx.
two orders of magnitude smaller than the friction forces in the hinge due to the
latching momentof the actuator. A calculation of the in-orbit frequency is therefore
possible.

Spherical Bearing
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Figure 2: TSS Deployment Mechanism Cross Section

Hinge

The DEM hinge consists of redundantjournal bearings (manuf. AMPEP, UK), which
provide enough backlash to compensate for differential thermal expansion ofthe
adjacent materials, and to provide the lowestpossible torque (peak hinge bearing
fricion torque is 6 N-mm), in order to minimize the latching shock of the movable
structure. The TSS DEM features a spherical bearing to account for the angular
misalignments of the large structure. The sliding friction of the limit switch actuators at
the end of the movement has been considered in the torque budget. The design avoids

Single Point Failures due to jamming of one bearing in both radial and axial direction.

The concept uses the "flying shaft" principle with a hollow 10-mm-diameter steel shat.
Both fixed and movable parts are equipped with flanged self-lubricating joumal
bearings. The shaft ends feature self-lubricating Polyimide end stops (VESPEL SP-3),
which provide a defined axial interface to the caps.



The bearing’s self-lubricating liner system has been and will be used on several satellite
missions and fulfills the outgassing requirements (TML=0.55%, RML=0.07%,
CVCM=0.00%). The PTFE lubricant is not affected by the high radiation dose because
is shielded with the aluminum housing of the hinge brackets.

Moveable Bracket

Spring Support
Journal Bearing

|
1
|
C 7
ap ?ﬁ

- Lok N ——— r
AN %1///// I VINIV VITIIINS

1
s |
Sy 4 ( |
|

S 7 of (R ST J0
Fixed Bracket _/ }

Spring Support Shaft

Tome v —min

Journai Bearing

Figure 3. MOD DeploymentMechanism Cross Section

Backlash
The unloaded gap in the bearings is in the range of 0.1 mm to assure a posttive playin

the bearing under worst-case temperature conditions of-190°C.

Deployment angles
The following maximum and minimum deploymentangles were considered:

Maximum

Minimu
Deployment Angle Deployment Angle
MAD-1,2 136° 140°
MAD-3, OMD 189° 193°
TSS-MSS 23.7° 24.2°

Bending of the shaft

The deflection of the shaft has been analyzed to size the journal bearing diameter, in
orderto avoid misaligned loads in the bearings. Although AMPEP journal bearings are
not primarily intended to accept misaligned loads due to bending ofthe shaft,the — -
resilient nature of the woven linersurface permits a misalignment of approximately 0.5°
provided the length of the bushing does not exceed approx. half the bore diameter. The



latter condition is fulfilled by this design (bore diameter 10 mm, length 6 mm); a
preliminary calculation yielded a worst-case misalignment of 0.15 degree. The bearing
concept of using journal bearings, one spherical bearing (only for TSS) and a flying
shaftis therefore considered appropriate forthis application.

Moveable
Bracket

End Stop

Housing Deployment Axis

Fixed Bracket

Figure 4. MOD-DEM Assembly (the door structure is fixed to the movable bracket)

Actuator

FlatSpiral Springs (steel 1.4310) were chosen as the active elements in the Spring

Actuator for the following reasons:

e The Spring Motor torque output is independent of friction effects of the spring and
thus predictable with high confidence, because physical contact between parns of the
spring surface is avoided. Furthemore, cold welding is prevented.

e The Actuator is designed such thatone of the four identical spring elements can fail
and the torque margin is still maintained with the remaining intact springs. To
simplify the design, all spring elements are of equal design. The springs are
designed such as to keep the radial and the axial forces acting on the clamped
spring ends as small as possible.

A crude estimate of the spring size and characteristic can be based on the assumption

thatonly bending moments occur in the spring. The spring constant then approximately




is ¢ = M/p with the torque M, the corresponding angular displacement g and the
material modulus of elasticity E. The optimum linear spring design for a given operation
range A¢ and minimum torque M, is obtained forM,,, /M ., =0.66, with M, andM,_,,
indicating the torques at begin and end of the spring operation range, respectively. The
ratio between start and end torque is optimized to minimize the latching shock of the
movable pan.

End Stop
The end stop design (Figure 5) uses the same redundancy concept as the actuator (1 of

4) and features four identical preloaded compression springs in parallel, which are
designed to take over the kinetic energy (resp. the resutting latching momentforce) of
the movable parn using the deceleration angle.

Moveable Bracket
Moveable — (deployed)

Bracket (stowed)

AR
N S
ST

/
Deployment axis — ¥4 -

End Stop Spring

Guide pin

End Stop
Housing

Fixed Bracket

Figure 5. End Stop Assembly

Because only a part of the energy will be dissipated in the bearings and the structure,
the movable pan will have several oscillations until it maintains its end position. In the
normal case, ifno spring is broken, there is approximately 25% margin concemning the
maximum deceleration angle. If one spring would break, there isno more margin to the
structures. This approach is considered acceptable considering the extremely low

In



likelihood of spring destruction under low internal stresses. However, the breaking of
one spring does not prevent the others from doing theirwork.

The following rules are considered for the End Stop

The contact surfaces are perpendicular to the speed vector at the maximum impact
force at end oftravel. The End Stop surface is spherical to count for misalignments.
A self-lubricating polyimide is used as counterface atthe movable part to minimize
the friction forces during relative motion between the surfaces at beginning and end
of travel.

2. The materials in contactare stainless steel (A286) and polyimide, which do not lead
to surface adhesion.

3. The contactis sphere on plane to have a reproducible area of contact.

DEM Performance Parameters

[ Parameter TSS MOD (MAD-3) |
[ Latching Force 246 N 542 N
[ Latching Torque 363 N-m 43 N-m
I Deployment Time 2.5 sec 2.3 sec |

Hold-Down-and-Release Mechanism Design

The HRM consists of the following main items (Figures 6 & 7):

o Separation Nut(non-explosive)

Release Bolt

Bolt Retraction Spring

Conical Interface

Kick Springs

The Separation Nut releases the bolt upon firing of the redundantspools and
accommodates the bolt in a special housing. Therefore, no part protrudes over the
separated conical I/F after release. A simple compression spring retracts the bolt upon
firing. The bolt will not protrude over the conical part after this movement. Spring
material is passivated stainless steel 1.4310. The cap of the HRMis dimensioned to act
as adeformable damper upon collision with the highly accelerated released bolt.

The conical interface avoids bending moments on the release bolt, which are not
allowed for this application. Assuming a worst-case friction coefficient between the
separable parts of 0.6, the half cone angle has to be atleast 30° (tan30 » 0.6), the actual
halfcone angleis 37.5°. The projected area of the cone is sized to provide sufficient
strength margin for the weaker material in contact. The cone is supportedon a
spherical interface on the movable bracket to allow forcompensation of angular errors
during integration. The material selection for the conical I/F is done to avoid both



backlash and cold welding of the interfacing parts. Cold weldingis avoided between
the separable conical I/F parts by the following selected material pairing:

Moving Cone:  Aluminum 3.4364T7351, hard anodized per LN 9368-2200

I/F Cone: VESPEL SP-3

HRM Bracket

- ' .

TSS Moveable Part

Figure 6. TSS HRM, bottom view with Separation Nut

Both interfacing parts are ground for high accuracy and surface quality. The maximum
boltload (including pretension and margins) does not exceed 5000 N in order to avoid
excessive creeping effects of the polyimide. The stress in the Vespel cone is around
10 MPa at this load, which is considered acceptable for this application (the ultimate
stress of thismaterial is 58.5 MPa).

The expected adhesion force between the Separation NutSupport Bracket of he HRM
and te corresponding bracket in the movable partis assumed to be 1% of the
maximum friction force tangent to the surfaces during contact. The Separation Nut Bolt
preload is derived from loads acting on the movable part in the stowed configuration.
Redundant kick springs are used to overcome the adhesion force between the
Separation Nut Support Bracket of the HRM and the corresponding bracket in the
movable part and to initiate movement of this part. The MOD has no dedicated kick
springs, because the pretensioned sealing membrane provides the initial separation

force.
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Separation Nut:

The selected non-explosive Separation Nut is the model 9421-2 1/4" from the U.S.

manufacturer G&H Technology, Inc. (Camarillo, CA). This device offers the following

advantages:

o It produces nodebris orgas leakage due to release. Release will be donevia
heating of a wire (0.1 mm diameter) until its rupture due to tension loads.

e Itis designed to be manually operated by means of dummy spools. The nut
mechanism can be operated multiple times via simple change of the spool
assemblies.

¢ [t uses the same release command as pyrotechnic initiators, the spacecraftpyro lines
can therefore be used without modification on system level.

e Destructive lotacceptance testingis not necessary because all devices are
functionally tested priorto delivery

o Virtually Shockless operation (esp.compared to pyros)

TSS Moveable
Part

Release Bolt

Conical I/F

TSS Fixed Part

\ S/C Separation

Plane

Separation Nut

Figure 7. TSS Hold-Down and Release Mechanism cross-section
(stowed position)
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The G&H model 9421 is a space-grade, 1/4-inch fastener (1/4-28 UNF) that quickly
releases attached hardware when itreceives an electrical signalto separate. Nut
separation is complete, reliable and safe. Bolt release is virtually shock-free andno
debris, contaminants or pollution are created. The model 9421 uses small redundant
electro-mechanical devices called Spools to initiate the bolt release. These highly
reliable spools have been used extensively in space and military applications. When a
separation signal is received (which is the same as for pyrotechnic initiators), the spools
unwind in milliseconds and free internal plungers. This releases a compression spring
thatmoves a locking sleeve and separates the nut’s threads from the attached bolt.
Each Separation Nut contains a pair of G&H non-explosive spool assemblies.
Complete separation will occur if either one, or both, of the redundant spool assemblies
is actuated.

Test Results

TSS Deployment

To verify the correct function of the mechanisms, a deployment test prior to and after
each environmental test (vibration and thermal-vacuum) was performed. These tests
were also used to predict deployment time in orbit. For the TSS, the prediction and
correlation of deployment test results was accurately analyzed. The following table
compares the analysis of deployment time for several cases (TSS-STM).

TSS on Zero-G-Rig

23.70 d * 1y s
: % 2 .
o p. y phi_nom [deg]
. /, // ! hi_opt [d
% A 2 ohoat (g
X pavid e 0
» / Ly . phi_worst [deg)
Angle [deg] I* yed > Tl pmpmen Test Result
’ ~ g *
% /5/ -
RE i |
0.00 r: H H ;
0.00 1.00 2.00 3.00 4.00 5.00 ) 6.00

time [s]
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Case\Location CoGrig | Orbit

phi_nom: Nominal Analytic Time: nominal 4.06 s 1. s
Friction, stored energy dissipated (no friction, not (3.90s) | (2.37 s)
plotted)

phi_opt: Minimal Analytic Time: no friction, all 2.28 s 1.07 s
stored energy transferred in initial velocity 7

phi cat: Catastrophic case: one spring broken, all| 5.09 s 3.22s

safety factors included

phi_worst: Worst Analytic Time: all safety factors | 4.52 s 272s

included
Minimal Test Time (final deployment) 3.32 s -
Maximal Test Time (final deployment) 3.64 s -

Analysis shows that the deployment time is rather sensitive to initial conditions. The
question of what amount of stored energy (pretension of HRM (kicksprings)) will be
transferred into initial velocity of the deployable structure and what amount will be
dissipated due to adhesion and local vibration is hard to answer. During test, the
minimal analytic deployment time was of course not reached, but the tested
deployment time showed that not all stored energy was dissipated. Due to the
flexibility of the structure, the endstop forces were lower than expected.

Lessons Learned

Design Aspects

Leaf Spring

During acoustic noise tests of the TSS STM model on spacecraft level, three of the
four actuator leaf springs were broken at their fixation points. The reason for that was
identified as a stress singularity due to a sharp edge of the spring fixation bracket. A
redesign with a corner radius solved this problem. Care has to be taken in designing
the inner fixation of the springs with respect to accessibility of the bolts. Furthermore, it
was discovered that the elastic movements of the leaf springs during vibration tests
were very large (up to amplitudes of 20 mm) and generated rather high noise in their
resonance frequencies. Care has to be taken in the design of the adjacent parts to
avoid debris and damage of the parts.

Non-Explosive Separation Nuts

The use of these nuts has proven to be a viable alternative to pyrotechnic systems,
avoiding expensive lot acceptance tests and simplifying the test sequence. One nut
can be reloaded several times; it can be “fired” either electrically with the spool or
manually with a simple mechanical adapter. The spacecraft standard pyro fire
electronics can handle the non-explosive systems without modification. Care has to
be taken with the definition of the spool no-fire current of 0.8 A, which violates the
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spacecraft system hazard requirement of 1.0 A no-fire current, but this has been finally
considered as a minor problem.

Correlation of test and analysis resuits

Air Resistance

The air resistance of the MOD has been considered in the mathematical equations of
the deployment sequence, which has been shown to be an important factor and by far
not negligible for prediction of time, speed profile, and end shock dynamics. It has
been verified via comparison of ambient and vacuum tests. The air resistance was
simulated via additional acceleration of the door with an electric motor during ambient
tests.

End Stop Layout

It is essential to consider the elastic behavior of the structure for analysis of the end
stop forces and latching torques, in order to get a realistic spring layout. Taking into
account the elastic behavior leads to a less conservative design with less mass
avoiding excessive overestimation of end stop forces.

Assembly and Integration

Zero-g Compensation

The compensation of the gravity (and air resistance) effects during testing is
mandatory for large system deployments. The design of these compensation devices
requires considerable engineering effort and should be started preferably together
with the design of the hardware itself in order to account for required interfaces. The
key parameters (such as speed, acceleration, time) have to be fully characterized for
the compensated and the Og case to judge if the test is representative.

Conclusion

The presented designs for DEM and HRM are considered simple and reliable,
avoiding complex deployment methods and having a rather low mass. It has been
proven that the use of one deployment design concept for several spacecraft
subsystems has big advantages in terms of reliability, development effort and cost,
which is a future goal in standardization of satellite programs.
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The Able Deployable Articulated Mast - Enabling Technology for the
Shuttle Radar Topography Mission
S2—-37

Dave Gross and Dave Messner
Abstract

An ABLE Deployable Articulated Mast (ADAM) was developed that deploys an
antenna 60m from the Orbiter to achieve the desired three-dimensional mapping
resolution required for the Shuttle Radar Topography Mission (SRTM). The ADAM
deploys to 44 times its stowed length with <1 mm precision and is designed to
maintain its position within a few millimeters under Orbiter attitude control forces and
the orbital environment. The thermo-mechanical and structural characteristics of the
ADAM are described herein.

Introduction

The Shuttle Radar Topography Mission is a joint project of the National Imagery and
Mapping Agency and the National Aeronautics and Space Administration. The 11-day
mission, scheduled for September 1999, will map 80% of the Earth’s land surface in
three dimensions using modified versions of the Spaceborne Imaging Radar (SIR-C)
and the X-Band Synthetic Aperture Radar (X-SAR) systems that twice flew on Space
Shuttle Endeavour in 1994. An ADAM will deploy an outboard antenna 60 m from the
Orbiter creating a fixed baseline synthetic aperture radar interferometer with the SIR-C
and X-SAR antennas in the cargo bay. The instrument will produce the most complete
and accurate topographic data set of the Earth. The SRTM instrument will be the
longest man-made structure to ever fly in space (Figures 1 and 2).

In addition to deploying and supporting the antenna while on-orbit, the stowed ADAM
system supports the 360-kg outboard antenna within the Orbiter cargo bay during
launch and landing. The mast carries 200 kg of power, telemetry, and thruster utilities
along its length. Copper wire harnesses, coaxial/fiber optic cable bundles, and a
pressurized gas line span the 60-m gap between antennas. The gas line provides
nitrogen to a small thruster at the outboard antenna to react gravity gradient forces.

The ADAM is a self-preloaded truss structure of repeating bays composed of high
stiffness composite struts, metallic fittings and precision ball joints. Latches on the
diagonal members of the truss allow the mechanism to deploy bay-by-bay, folding into
a compact stack a fraction of its deployed length. The ADAM deploys and retracts
using a motorized drive system which "screws" the mast in and out of a canister. A
special reciprocation technique allows the mast to deploy without rotation of either the
deployed or stowed portion. This makes the ADAM ideal for carrying utilities along its
length.

" AEC-Able Engineering, Goleta, CA
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The ADAM has been developed for precision, stable, lightweight space applications
where significant deployed length, high strength and stiffness are required. The
ADAM provides superior thermal and mechanical stability as well as deployment
repeatability.

Figure 1. The SRTM ADAM and Mission Configuration

The Mechanization of Precise, Stable Structures

The ability of a large, complex structure to deploy and retract was thought to be
inherently incompatible with its ability to be precise and stable. This is not the case.
The ADAM is specifically designed to minimize variable stiffness, bilinear stiffness,
free-play and hysteresis. Exceptional mechanical and thermal dimensional stability is
achieved through the combination of high stiffness, low coefficient of thermal
expansion (CTE) mast components under load-path preload. Special attention paid to
truss geometry, interface geometry, material properties, contact area size, surface
finishes and lubricants,; results in a highly linear mechanized structure in a wide range
of mechanical and thermal environments. The ADAM'’s ability to deploy and retract
becomes transparent when evaluating its structural performance.
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Figure 2. The Fully Deployed SRTM ADAM (60 m)

Stability

Passive thermal dimensional stability is achieved through a combined approach of low
CTE materials, low CTE truss design, and insulation. The mast is designed using the
appropriate mix of materials having low positive and negative CTEs. This results in a
near-zero CTE along and about the axis of the mast. Multiple layer insulation (MLI),
applied to the diagonal members of the mast minimizes temperature changes and
gradients among the diagonals, further maximizing stability. Analysis and testing
indicate a reduction in mast twist of roughly 20 fold with MLI on the diagonals.

Mechanical stability is achieved through control of macrodynamic and microdynamic
response. Standard stiffness properties of the mast members are selected to ensure
that bulk displacements and rotations are within specified tolerances. Complete
internal preload and joint design features minimize microdynamic effects. The
inevitable input of energy to the system tends to settle it into an increasingly stable
state.

Microdynamics

The joints and latches of the ADAM are specifically designed to minimize the effects of
low-amplitude, non-linear effects. At operational excitation levels, the structure does
not exhibit coulombic friction at its joint interfaces. This is achieved through the use of
large, stiff, preloaded contact areas of conforming spherical geometry with a precision
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finish and oil lubrication. The shear-to-normal force ratio is minimized. Bulk slippage
is eliminated and microslip is minimized driving the joint loss factor to zero. The result
is a structure in which free-play is non-existent, hysteresis is very low at low excitation

amplitudes, and structural damping is dominated by linear dissipation mechanisms.

The SRTM ADAM and the ISS FASTMast

The similarity of the SRTM ADAM to the mast used to deploy the solar arrays on the
International Space Station (ISS) ends at the geometry of the cross-section and the
canister. Table 1 illustrates the contrasts.

Table 1. SRTM ADAM / ISS Mast Comparison

SRTM ADAM

ISS FASTMast

Function

Interferometer baseline

Solar array deploy and
tension

Design intent

Stiffness, precision and
stability

Strength and long life

Joint type

Ball and socket

Pin and clevis

Preload method

Geometry / detent latch

Fiberglass flex battens

Mast Interface Stiffness

Preloaded to Canister

Clearance Fit'to Canister

Lubricants liquid dry
Length 60 meters 30 meters
Mast:Canister Length Ratio 20.5:1 14:1
Utilities carried 200 kg None

Structural materials

Graphite epoxy rods and
titanium wire rope

Aluminum bars and
stainless steel wire rope

Specific bending stiffness

(El/Mass per unit length)* 3.5 1
Specific torsional stiffness 1o 1

(GJ/Mass per unit length)*

* Normalized relative to FASTMast

The SRTM ADAM Structure

Mast diameter, along with the material properties and cross-sectional areas of the
longeron and diagonal members are optimized to meet mission structural
requirements such as natural frequency, bending strength and thermal twist stability.
The SRTM ADAM structur